Salivary concentrations of unconjugated steroids reflect those for free steroids in serum although concentrations may differ because of salivary gland metabolism. Samples for salivary steroid analysis are stable for up to 7 days at room temperature, one month or more at 48C and three months or more at 2208C. When assessed against strict criteria, the evidence shows that salivary cortisol in evening samples or following dexamethasone suppression provides a reliable and effective screen for Cushing's syndrome. Sequential salivary cortisol measurements are also extremely helpful for the investigation of suspected cyclical Cushing's syndrome. There is potential for the identification of adrenal insufficiency when used with Synacthen stimulation. Salivary 17-hydroxyprogesterone and androstenedione assays are valued as non-invasive tests for the homemonitoring of hydrocortisone replacement therapy in patients with congenital adrenal hyperplasia due to 21-hydroxylase deficiency. The diagnostic value of salivary oestradiol, progesterone, testosterone, dehydroepiandrosterone and aldosterone testing is compromised by rapid fluctuations in salivary concentrations of these steroids. Multiple samples are required to obtain reliable information, and at present the introduction of these assays into routine laboratory testing is not justified.
Introduction
Salivary steroid measurements have the potential to provide a convenient and non-invasive assessment of serum 'free' steroid concentrations. They have widespread research applications in the fields of endocrinology, neuroendocrinology, sports and exercise science, and reproductive endocrinology. In spite of a large number of research publications and several reviews, 1 -3 salivary steroid methods have not been adopted by the majority of diagnostic laboratories.
This review discusses the factors which influence salivary steroid concentrations and assesses the diagnostic value of steroid measurements against a set of criteria which are appropriate for routine laboratory testing.
Overview -influencing factors

Mechanism of entry of steroids into saliva
Saliva is produced from three main pairs of salivary glandsthe parotid, submaxillary and sublingual glands. The parotid glands consist of serous acinar cells which produce a serous, watery secretion, while the submaxillary glands consist of serous and mucous acinar cells and produce a mixed serous and mucous saliva. Sublingual gland saliva is predominantly mucous in character. In addition, 600-1000 minor salivary glands make a small contribution to total salivary production.
Saliva is formed by an active energy-consuming process in which sodium is pumped into the acinar end of the glands. The osmotic pressure difference between serum and saliva causes water to flow through the tight junctions of the acinar cells into saliva, so that the primary secretion into the duct is approximately isotonic with serum. As the saliva travels down the salivary gland duct, sodium is pumped back into the blood, and since little water is reabsorbed, the resulting saliva leaving the duct is hypotonic. The capacity of the ductal cells to pump sodium out of saliva is limited, and so the sodium concentration in secreted saliva is flow rate-dependent.
There are two main mechanisms by which steroids reach the saliva:
Ultrafiltration Together with water, non-protein-bound components of serum with a molecular weight of less than approximately 1900 kDa may pass between the tight junctions of the acinar cells. Small polar molecules such as steroid sulphate or glucuronide conjugates are restricted to this ultrafiltration route as a mode of entry into saliva.
As a consequence of these two different routes of entry for steroids into saliva, concentrations of salivary unconjugated steroids such as cortisol, oestradiol and testosterone reflect their free concentrations in serum, whereas conjugated steroids such as dehydroepiandrosterone sulphate (DHEAS) and oestriol sulphate are present in only 1% of their unbound serum concentrations. 4 The two different mechanisms for entry of unconjugated and conjugated steroids into saliva also have important consequences in terms of the influence of salivary flow rates on salivary steroid concentrations. Unconjugated steroids such as salivary cortisol diffuse freely through the salivary gland acinar cells and show little change at low and high extremes of salivary flow rate. 4 In contrast, a conjugated steroid such as DHEAS shows a marked fall in concentration with high salivary flow rates because of the rate-limiting ultrafiltration process ( Figure 1 ).
Metabolism of steroids by salivary glands
Typical salivary concentrations of steroids are listed in Table 1 .
The salivary glands have the capacity to metabolize steroids, and so although there is correlation between salivary and serum free steroid concentrations, the concentrations in saliva and serum may differ.
Salivary concentrations of cortisol are only 50 -60% of the corresponding serum free cortisol concentration, while salivary cortisone concentrations are higher than those for cortisol. Serum total cortisol:cortisone ratios are approximately 8:1, while the salivary cortisol:cortisone ratio is approximately 1:4 with a range from 1:2 to 1:8. This marked contrast in serum and salivary cortisol:cortisone ratios results from two main effects.
First, cortisol-binding globulin (CBG) in serum binds cortisone less strongly than cortisol, with an association constant 10 times lower for cortisone than for cortisol. Therefore, the proportion of free cortisone in serum is much higher than that for cortisol, and this is reflected in the steroid concentrations reaching saliva.
Secondly, the salivary glands are mineralocorticoid target glands and contain the enzyme 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2). 5 This enzyme converts cortisol to cortisone irreversibly and protects mineralocorticoid receptors from the influence of cortisol. 11b-HSD2 converts some cortisol to cortisone as it passes through the salivary gland and therefore contributes to the higher concentrations of cortisone in saliva.
In the case of progesterone, salivary concentrations are approximately one-fiftieth of those in serum. The salivary glands, particularly the submandibular glands, can metabolize this steroid to 20a-hydroxy-4-pregnen-3-one. 6 The extent of progesterone metabolism is minor, and because of the rapid transit of progesterone into saliva from blood it is not considered to be an important influence on salivary progesterone concentrations.
Studies on the metabolism of androstenedione (AD) and testosterone by salivary glands indicate presence of the enzyme 17b-hydroxysteroid dehydrogenase (17bHSD, also known as 17-hydroxysteroid oxido-reductase). In women, relatively high salivary testosterone concentrations compared with serum free concentrations are consistent with conversion of AD to testosterone by salivary glands. 7, 8 For men, salivary testosterone concentrations are lower than the corresponding serum free results, which could be explained by salivary gland conversion of testosterone to AD. 6, 7 17bHSD in the parotid glands has been shown to favour an oxidative reaction in the conversion of oestradiol to oestrone. 9 The fact that salivary and serum free oestradiol concentrations are similar suggests that oestradiol metabolism has relatively little influence on salivary oestradiol results.
Correlation of salivary steroid concentrations with serum total or free steroid results
In general, studies comparing salivary and serum total or free steroid concentrations show highly significant correlations with correlation coefficients (r) greater than 0.8 ( Table 2) . Exceptions are the relatively poor correlations with serum free testosterone for females reported by Broadbent 10 (r ¼ 0.42) and Granger et al. 11 
For cortisol, there is strong evidence that serum total and free concentrations correlate with salivary cortisol in a predictable manner. The data of Vining et al. 12 that there is a biphasic response in salivary cortisol when plotted against serum total concentrations ( Figure 2 ). Once the binding capacity of CBG in serum of approximately 600 nmol/L cortisol is exceeded, salivary cortisol concentrations increase more rapidly with increasing total cortisol concentrations, reflecting a disproportionate increase in serum free cortisol. Pregnancy samples, which contain higher CBG concentrations, show a continuation 
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of the initial correlation up to higher serum total cortisol concentrations, as expected. When serum free and salivary cortisol concentrations are compared ( Figure 3 ), a linear relationship is seen over the whole range of serum free cortisol results. 12 Further evidence of the validity of salivary cortisol measurements is provided by the data of Hofman, 1 who compared average serum cortisol results over 4 h with cortisol concentrations in a 4-h saliva collection using the oral diffusion sink (ODS) device. A correlation coefficient of r ¼ 0.96 was found.
Evidence of good serum vs. saliva correlation for steroid studies, although reassuring, does not necessarily imply that salivary measurements are suitable for routine diagnostic use. For oestradiol, progesterone and testosterone for example, there is evidence that rapid fluctuations in salivary concentrations may detract from their routine use compared with a single serum estimation despite the good overall correlations found (for details, see sections on individual steroids below).
Collection, storage and stability of salivary steroid samples
Saliva collection devices
Whole saliva is a mixture of saliva from the major salivary glands -the parotid, submandibular and sublingual glands -and other minor glands. Other components can include gingival crevicular fluid, serum and blood from oral wounds, bacteria and bacterial products, viruses and fungi, desquamated epithelial cells and food debris.
Parotid saliva can be obtained using a Carlson -Crittenden cup placed over the Stensen's duct. This device, described by Shannon et al. 13 consists of two small concentric cups, each with a tube attached. Suction is applied to the outer cup to hold the device in place, and saliva is collected through the inner cup. However, this procedure is not convenient for routine diagnostic use.
Most studies of salivary steroids involve collection of mixed saliva obtained by direct spitting into a suitable tube, or by chewing on a wad of absorbent material.
Polyethylene collection tubes should be avoided, since they may adsorb steroids, 14 and the use of polypropylene tubes, which minimize steroid adsorption problems is preferable.
A variety of saliva collection methods have been used. It is important to ensure that any collection method used does not compromise the salivary steroid measurements. Wade and Haegle 15 described an oral diffusion sink device consisting of a tiny plastic tube containing cyclodextrin to bind analytes. This allowed the collection of saliva over a period of several hours.
Polypropylene 'Salicaps' and straws have been developed by one commercial kit supplier (IBL-Hamburg), to give an adsorption of ,5% for unconjugated steroids.
'Salivettes' (Sarstedt Ltd) offer a convenient means of saliva collection, and consist of an upper chamber with a removable wad which is chewed. The wad is replaced in the upper chamber, and at a later stage the sample can be frozen and thawed, and the tube centrifuged to obtain a clear sample in the conical lower section of the device. Although the use of Salivettes with a cotton wad is acceptable for cortisol, results for dehydroepiandrosterone (DHEA), testosterone, progesterone and oestradiol are spuriously high. This is probably due to the presence of plant sterols in the cotton, which cross-react in steroid immunoassays. 16 These effects are illustrated in Figure 4 .
Salivettes with cotton wads should be avoided for steroids other than cortisol. For the collection of other steroids, Salivettes with the cotton wad removed, or with a polypropylene wad 17 can be used, or saliva can be collected into a polypropylene microcentrifuge tube. The use of a short plastic straw can be helpful for children, and recently the use of mini-marshmallows was very successful for the collection of salivary cortisol samples from toddlers. 18 For very young infants, saliva may be collected with a plastic 'Pasteur' pipette.
The use of citric acid or lemon juice to stimulate salivary flow can cause problems with steroid analysis 19 and should be avoided. Chewing on unflavoured chewing gum has been used for saliva collection but offers no real advantages.
Stability of steroids in saliva
Storage of saliva samples at room temperature for more than 7 d can result in deterioration caused by bacterial growth, 20 although this effect is reduced if cellular debris is removed by centrifugation prior to storage. 21, 22 Clements and Parker 23 found no difference in salivary cortisol concentrations between aliquots frozen immediately and those subjected to temperature and movement changes to simulate postal delivery over a period of 5 d. Postal delivery of saliva samples to the laboratory is therefore acceptable provided that these are frozen on receipt.
In general, samples for salivary steroid analysis are stable for up to 1 month at þ48C, and for up to 3 months at 2208C. For salivary cortisol, centrifuged saliva samples have been shown to be stable for up to 3 months at þ58C and 1 year at 2208C or 2808C 22 and uncentrifuged samples were stable for 9 months at 2208C. 24 Freezing of samples is necessary for long-term storage, but in addition, freezing and thawing of saliva prior to analysis is necessary to break up the viscous saliva matrix and to obtain good recovery of steroids.
Salivary steroid concentrations are relatively stable through four or five freeze/thaw cycles. Groschl et al. 21 for example showed that 17a-hydroxyprogesterone and progesterone decreased by only 5% through five freeze/ thaw cycles, while cortisol decreased by 10%. Garde and Hansen 22 found that cortisol concentrations in centrifuged saliva samples were unaffected by four freeze/thaw cycles.
Precautions for saliva collection
The effect of vigorous tooth-brushing on salivary cortisol and testosterone has been studied by Kivlighan et al. 25 Haemoglobin and transferrin assays confirmed the presence of blood in saliva samples for 30 min after tooth-brushing. Salivary testosterone was increased for 30 min, although the effects on cortisol were minor. Groschl et al. 21 did not find a significant increase in salivary cortisol, 17ahydroxyprogesterone (17-OHP) or progesterone 5 min after 'dental care'.
As a general precaution when collecting saliva for steroid analysis, samples should not be collected within 30 min of tooth-brushing or using dental floss.
In addition, to minimize contamination of saliva, samples should not be collected within 30 min of eating, drinking or chewing ordinary (flavoured) chewing gum.
The influence of blood contamination
Salivary/serum steroid ratios are approximately 1:20 for cortisol and 1:90 for testosterone and oestradiol, and so contamination of saliva with blood can result in spurious increases in the measured steroid concentrations.
Visual inspection of saliva samples will detect a pink colouration at a concentration of 0.1-0.2% ( by volume) contamination with blood. If blood contamination cannot be detected by visual inspection, then the risk of contamination is small for cortisol measurements. For example, at a visible detection limit of 0.2% blood the salivary cortisol result would be overestimated by 4%. For testosterone and oestradiol, the corresponding overestimation would be in the region of 20% because of the higher serum/salivary concentration ratio for these steroids.
Studies that used haemoglobin and transferrin measurements to assess blood contamination in saliva samples from adults 25 and children 26 have confirmed that interference due to blood contamination is rare for salivary cortisol measurements, but may be of more importance for salivary testosterone and oestradiol testing.
To avoid these problems it is advisable to check saliva samples for any visible pink colouration and to reject any samples which are positive. A dipstick test for haemoglobin such as 'Hemastix' will give a positive result at 0.2-0.3% contamination by volume, and can be used to check samples.
Methods for salivary steroid analysis
Salivary steroid assay kits are available from several manufacturers (Table 3 ). These are usually microtitre plate format assays using enzyme immunoassay or chemiluminescence immunoassay technology.
The reagent cost for a salivary cortisol assay using commercial kit reagents is approximately £4. The use of salivary cortisol to screen for Cushing's is therefore cost-effective, with costs comparable with that of a urine cortisol, and considerably cheaper than serum cortisol tests with associated costs of venepuncture. It is also possible to develop in-house assays for salivary steroids. Methods need to be designed to detect the much lower concentration of steroids in saliva. For example, a detection limit of 1 nmol/L or less is desirable for a salivary cortisol assay compared with detection limits of 20-30 nmol/L for serum assays. It is also important to assess antiserum cross-reactivity with a knowledge of the relative concentrations of steroids in saliva. Since there are much higher concentrations of cortisone in saliva, when designing a salivary cortisol assay it is necessary to use an anti-cortisol antibody with low cross-reactivity to cortisone to minimize interference.
In the author's experience, the Dissociation-Enhanced Lanthanide Fluorescence ImmunoAssay (DELFIA) timeresolved fluorescence principle can be used to develop robust and convenient in-house salivary steroid assays. Steroid oxime derivatives can be biotinylated using the reaction described by Dressendorfer et al. 27 and the products can be purified by thin-layer chromatography. Streptavidin can be labelled with Europium to provide a common detection system for bound steroid-biotin tracers. This system has been applied successfully to the development of direct assays for salivary cortisol and cortisone, 28 and, following ether extraction, to the assay of salivary 17-OHP. 29 Liquid chromatography/tandem mass spectrometry (LC-MS/MS) is now being used more frequently for serum and salivary steroid analysis.
Baid et al. 30 evaluated radioimmunoassay and LC-MS/MS for the measurement of bedtime salivary cortisol in 261 obese subjects and 60 healthy volunteers. Reference ranges for evening salivary cortisol determined for each method were ,2.8 nmol/L for the LC-MS/MS assay and 1.4-4.7 nmol/L for the radioimmunoassay. When results were interpreted relative to the appropriate reference range as a screen for Cushing's syndrome, the two methods showed similar false-positive rates for non-obese normal subjects. However, for the 156 obese subjects who had results for both analyses, significantly more were classified as abnormal by the radioimmunoassay (RIA) (22/156; specificity 86%) than by LC-MS/MS (10/156; specificity 94%).
More studies are needed to confirm these results, which suggest that LC-MS/MS methods may give fewer falsepositives when used to screen obese patients.
At present there are no National External Quality Assurance Schemes for salivary steroids, although a free quality assurance scheme for salivary cortisol, oestradiol, progesterone, testosterone and DHEA is provided by IBL-Hamburg. Two distributions, each of three samples are provided per year and mean and range of results returned can be viewed on the IBL website (www. IBL-Hamburg.com).
Routine diagnostic value of salivary steroid testing
Criteria for the assessment of salivary steroid analysis for routine diagnostic use When examining the value of salivary steroid testing for use in routine clinical biochemistry laboratories it is helpful to establish some strict criteria against which the evidence in the literature can be assessed.
For diagnostic salivary steroid testing it is proposed that the following criteria should be met:
(1) There must be a constant and predictable correlation between salivary and serum free steroid concentrations; (2) The diagnostic accuracy of salivary tests must be at least equal to that for serum or urine steroid determinations; (3) Single saliva samples should be just as informative as single serum samples.
Salivary cortisol
There is a considerable body of evidence to support the introduction of salivary cortisol as a routine diagnostic test. Strong correlations between salivary and serum free or total cortisol have been reported ( Table 2 ). Salivary cortisol values correlate in a predictable manner with total serum cortisol, allowing for cortisol-binding by CBG ( Figure 2 ), and show a constant relationship to serum free cortisol concentrations (Figure 3 ). Dorn et al. 31 compared salivary and serum cortisol circadian rhythms by collecting hourly samples over 24 h. They concluded that the two profiles were synchronous, and that salivary cortisol could be substituted for serum cortisol for the assessment of circulating cortisol rhythmicity.
The majority of publications on the diagnostic use of salivary cortisol relate to screening for Cushing's syndrome using evening samples and/or the low-dose dexamethasone suppression test, with fewer reports on the investigation of 32 In addition, the stress of hospital admission may cause abnormal adrenal axis test results for the first few days. 33 Salivary samples can be collected in a relatively stress-free environment at home, and samples can be posted to the laboratory for analysis. They are particularly useful to document cyclical or intermittent changes in cortisol secretion over long-time periods where the collection of multiple urine samples is impractical.
There are now more than 10 published studies in adults and children that confirm that evening salivary cortisol can be used as a reliable screen for Cushing's syndrome. Although the time chosen to assess evening concentrations varies from 22:00 h to 24:00 h, the evidence suggests that the diagnostic value at these times is the same. Where figures for sensitivity and specificity have been quoted, these are generally in the range of 90 -100% (Table 4 ) and compare favourably with those found for 24-h urine cortisol measurements 34, 35 and for serum cortisol assay following low-dose dexamethasone suppression. 34 Salivary cortisol samples collected after low-dose dexamethasone suppression also show high sensitivity and specificity as a screen for Cushing's syndrome, and when used in combination with an evening salivary cortisol test, a sensitivity of 100% can be achieved ( Table 4 ).
The day-to-day reproducibility of salivary cortisol measurements has been assessed by Viardot et al. 34 and was found to be high with 78% of the total variation explained by inter-subject variation and 22% by intrasubject variation.
Salivary cortisol measurements are becoming more widely used as a screen for Cushing's syndrome, and recently they have been recommended as a first-line screening test by Findling and Raff. 36 These authors recommend a 23:00 h salivary cortisol as an initial screen, using a cut-off of 4.3 nmol/L for normality. Any results over 8.6 nmol/L were considered to be consistent with Cushing's syndrome, while results between 4.3 nmol/L and 8.6 nmol/L generated a repeat 23:00 h salivary cortisol sample.
It is important that each laboratory establishes its own cut-off values for evening salivary cortisol, particularly when in-house or modified commercial methods are used, since results vary with different immunoassay methods. Typical cut-off values reported for normal evening salivary cortisol measured by immunoassay are in the range of 4 -6 nmol/L. Reference ranges using chromatography and tandem mass spectrometry are often lower than those obtained by immunoassay methods.
In the author's laboratory, the screening procedure for Cushing's syndrome involves the collection of 08:00 -10:00 h and 22:00 h to midnight saliva samples over 3 d. Reference ranges are 6-30 nmol/L at 08:00 -10:00 h and ,5 nmol/L at 22:00 h to midnight, and so evening results over 5 nmol/L are abnormal. This approach has been valuable in screening for Cushing's syndrome in women with polycystic ovaries and hyperandrogenism. 37 As with all biochemical testing for Cushing's syndrome, there are limitations to the evening salivary cortisol test. It is important to establish that patients have a normal sleep/wake cycle when interpreting results, and that samples were taken at the right time if collected at home. Patients with 'pseudo-Cushing's' due to alcohol abuse, type 2 diabetes or major depression will give positive results. 38, 39 During pregnancy, salivary cortisol concentrations rise in the second and third trimesters, showing a 1.5-2-fold elevation, and fall back to normal within 5 -7 d of parturition. A 'lag' of approximately 90 min in the salivary cortisol circadian rhythm in pregnancy has also been documented. 40 Mild cases of Cushing's syndrome may show a normal evening salivary cortisol when tested on a single occasion. Kidambi et al. 41 studied 11 cases of Cushing's syndrome with normal or mildly elevated urine cortisol. Although all patients had some elevated evening salivary cortisols, results were normal on some occasions, indicating that several saliva and urine samples and a dexamethasone suppression test are necessary for the thorough investigation of mild Cushing's syndrome.
Despite these limitations, the evidence suggests that for screening Cushing's syndrome, a single saliva sample taken in the evening or following low-dose dexamethasone suppression can be just as informative as a single blood sample.
Cyclical Cushing's syndrome Cyclical or intermittent Cushing's syndrome may be more common than was thought. Evidence for this was provided by Atkinson et al. 42 who studied nine of 14 consecutive patients diagnosed with Cushing's syndrome using multiple urine cortisol collections. They found that five of the nine patients studied showed cyclical variation in cortisol 38 93/100 --Putignano et al. 39 92.7/93.1 --Yaneva et al. 116 100/96 --Trilck et al. 117 100/97.6 --Viardot et al. 34 100/100 100/77. Wood. Salivary steroid assays secretion, with a further two patients showing an erratic pattern without any obvious cyclicity. The periodicity of cyclical Cushing's disease has been reported to vary between 12 h and 85 d. This makes diagnosis using conventional urine collections very difficult, particularly since ideally it is necessary to identify at least three peaks and two troughs in cortisol secretion. 43 Salivary testing is an excellent screening test for cyclical Cushing's syndrome since it is non-invasive, convenient and can be undertaken over many days if necessary. For example, Laudat et al. 44 measured 20:00 h salivary cortisol twice-weekly over a period of 60 d to establish Cushing's syndrome in a patient who showed a cyclicity of 21 d.
Salivary cortisol measured at Southampton in samples collected at 09:00 h and 22:00 h over 19 consecutive days at King's College Hospital were helpful in identifying fooddependent Cushing's syndrome in a patient whose evening saliva cortisols were often higher than those at 08:00 h (unpublished data).
Differential diagnosis of Cushing's disease
Castro et al. 45 have studied salivary cortisol suppression to different doses of dexamethasone and the responses to ovine-corticotrophin releasing hormone (o-CRH) stimulation in 46 patients with Cushing's syndrome, including 28 patients with Cushing's disease. Salivary cortisol showed a higher percentage of suppression to dexamethasone than serum cortisol, with suppression of 65% or more for salivary cortisol corresponding to a suppression of serum cortisol of 50% or more for the 8 mg test. Sensitivities and specificities using salivary cortisol for the diagnosis of Cushing's disease were 88% and 100% for the 8 mg dexamethasone test and 93% and 91% for the o-CRH test (using a criterion of an increment .20%).
Salivary cortisol measurements may therefore improve the discrimination of the high-dose dexamethasone suppression test for the differential diagnosis of Cushing's disease. The evidence provided by future studies would be useful to confirm these findings.
Testing for adrenal insufficiency
There are fewer studies on the application of salivary cortisol testing to the investigation of adrenal insufficiency, but there is some evidence that morning salivary cortisol may be helpful in checking for adrenal suppression, and that salivary cortisol responses to Synacthen may be a useful test of adrenal function.
Patel et al. 46 compared morning salivary cortisol results with serum cortisol concentrations from the conventional short Synacthen test (SST) to check for adrenal suppression in 48 patients who were using topical steroids. Of the 48 patients, 16 had an impaired morning salivary cortisol result, and of these, 15 had an impaired response to the SST. All patients with a normal morning salivary cortisol had a normal SST response. The authors concluded that morning salivary cortisol was efficient and cost-effective for outpatient screening of adrenal suppression due to glucocorticoid use.
Salivary cortisol responses to Synacthen have been evaluated for the conventional dose of 250 mg and also for reduced doses of 25 mg or 1 mg Synacthen.
Suri et al. 47 used a 250 mg Synacthen test to assess adrenal reserve in pregnancy, and established reference ranges for the higher salivary cortisol responses seen in the second and third trimesters of pregnancy compared with postpartum results.
Basal and post-Synacthen (250 mg) serum total and free cortisol and salivary cortisol were measured by Arafah et al. 48 in 51 critically ill patients and normal subjects. They found that serum free and salivary cortisol results correlated well and were uninfluenced by large differences in serum albumin concentrations. Salivary cortisol could be used as a surrogate marker for serum free cortisol for these investigations.
Contreras et al. 49 found that a 25 mg Synacthen test gave equivalent serum and salivary cortisol responses to the 250 mg test at 30 min, with normal responses of .20 nmol/ L and .100 pmol/L for salivary cortisol and aldosterone, respectively. The same research group went on to apply the 25 mg test with salivary samples to check for adrenal insufficiency in patients with HIV 50 and patients with end-stage renal failure. 51 A 1-mg low-dose Synacthen test was used by Marcus-Perlman et al. 52 to assess responses in 14 normal subjects and 14 women who were 'hyperoestrogenic' ( pregnancy, oral contraceptive or hormone replacement therapy). A normal salivary cortisol response of .27.6 nmol/L at 30 min was established, and the test was found to provide a useful alternative to the blood test, particularly when increased CBG concentrations complicated the interpretation of changes in serum total cortisol results.
The use of salivary sampling with the SST therefore has potential, but more studies are needed to establish its value in routine diagnostic testing.
Monitoring of glucocorticoid replacement therapy
The evidence on the value of salivary cortisol measurements for the assessment of glucocorticoid replacement therapy is conflicting.
Measurement of a daytime serum cortisol profile has been considered to be the best way of assessing replacement therapy, but this requires hospital admission.
Two groups have concluded that salivary daytime profiles are not useful for monitoring oral hydrocortisone, largely based on their observations of poor correlations between serum total and salivary cortisol results. 53, 54 In contrast to these reports, Lovas et al. 55 found excellent correlation between salivary cortisol and serum cortisol profiles after oral cortisone acetate or intravenous hydrocortisone dosing. The same research group then used salivary cortisol measurements in combination with continuous subcutaneous hydrocortisone infusion in patients with Addison's disease to establish a more physiological cortisol rhythm. 56 The finding of poor overall correlation between serum total cortisol and salivary cortisol in combined results for pre-and postdose samples could be explained by the disproportionate increase in serum free and salivary cortisol compared with serum total cortisol, once the binding capacity of CBG of approximately 600 nmol/L cortisol is exceeded. This happens frequently after oral hydrocortisone administration in standard doses. An example of increases found in our laboratory (unpublished data) following a 10 mg dose of hydrocortisone in the morning are from 1 nmol/L to 63.5 nmol/L for salivary cortisol (a 64-fold increase) and from 49 nmol/L to 734 nmol/L for serum total cortisol (a 15-fold increase). Salivary samples were collected at least 30 min after taking the oral hydrocortisone dose.
There is no reason why the serum total cortisol profile should be taken as the 'gold standard', and it is possible that salivary cortisol, which reflects the biologically active serum free cortisol concentration, may provide a more useful measurement of replacement therapy provided that problems of saliva contamination by the hydrocortisone tablets are avoided.
Salivary 17a-hydroxyprogesterone
Salivary 17-OHP measurements have been applied to screening for classical and non-classical congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency, and to the monitoring of hydrocortisone replacement therapy in CAH patients.
Zerah et al. 57 measured serum and salivary 17-OHP in 57 normal subjects and 15 newly diagnosed patients with nonclassical 21-hydroxylase deficiency. They found good correlation between serum and salivary results (r ¼ 0.93) and morning salivary 17-OHP concentrations were unequivocally higher in all patients compared with normal subjects. The salivary test was found to be convenient and effective, and was used in a second study to establish a prevalence of non-classical 21-hydroxylase deficiency of 1.4% in a Caucasian population. 58, 59 Studies on the use of salivary 17-OHP assays to monitor patients on hydrocortisone replacement therapy have all found the procedure to be convenient and helpful, although there are large differences in reference ranges found for normal subjects and for patients in good control. 29,60 -64 These discrepancies may be due to differences in antiserum specificity and to the fact that some methods do not employ a preliminary solvent extraction stage prior to immunoassay.
At Southampton, UK, we have developed an in-house time-resolved fluorescence assay for salivary 17-OHP using ether extraction followed by immunoassay. 29 The method proved to be a convenient means of assessing control in children with 21-hydroxylase deficiency. Results showed a good correlation with those for bloodspot 17-OHP samples taken at the same time (r ¼ 0.81) with good day-to-day reproducibility. Morning salivary 17-OHP concentrations of 25-217 pmol/L found for normal children agreed well with the range of 6-225 pmol/L reported by Groschl et al. 64 although other groups have reported higher morning reference ranges. 60, 61, 63 Children with CAH on replacement therapy, classified as having good control, had morning salivary 17-OHP concentrations in the range of 390 -3090 pmol/L, falling to ,1500 pmol/L later in the day. These results agree with those of Otten et al. 60 who found a morning range of 340-3060 pmol/L in patients with good control. However, a lower target range of ,1000 pmol/L was reported by Young et al. 62 Method-related differences in salivary 17-OHP results make it essential for a laboratory to establish reference ranges and target ranges for treated patients with the particular method used.
The evidence suggests that salivary 17-OHP measurements have a place as a convenient and non-invasive means of monitoring control in CAH patients while at home.
Salivary androstenedione
Salivary AD measurements have been evaluated for the monitoring of replacement therapy in CAH patients by Otten et al. 60 and Young et al. 65 Both groups found the test to be useful for the assessment of control. In contrast to salivary 17-OHP concentrations, which are elevated above normal in CAH patients in good control, salivary AD results were within the reference range. For example, Otten et al. found a range of 40-50 pmol/L for salivary AD in 09:00 h samples from CAH children in good control, values which were well within the 09:00 h reference range of 20 -250 pmol/L for normal prepubertal children.
Home-monitoring of CAH patients using salivary AD may serve as a useful adjunct to salivary 17-OHP measurements for the assessment of control.
Salivary AD and dihydrotestosterone concentrations in women with hyperandrogenism were studied by Baxendale et al. 66 Salivary concentrations of both steroids were shown to reflect serum free concentrations in normal, hyperandrogenic and cyproterone acetate-or ethinyl oestradiol-treated patients.
Evidence for a more rapid conversion of AD to testosterone (T) in hirsute women was found by Swinkels et al. 8 who demonstrated lower salivary AD:T ratios in these patients.
Further studies are needed to establish if salivary AD assays have a role in the investigation of hirsutism.
Salivary aldosterone
Assay methods for salivary aldosterone were first reported more than 20 y ago. 67 -69 Salivary aldosterone concentrations were found to be similar to those for serum free aldosterone, and represented approximately 30% of the corresponding serum total aldosterone concentration. 68, 70 Good correlation between salivary and serum free aldosterone has been reported (r ¼ 0.84), with a weaker correlation between saliva and serum total aldosterone (r ¼ 0.75). 70 Salivary aldosterone was found to correlate with changes in serum total aldosterone in response to ACTH stimulation or dexamethasone suppression. 67 -69 Salivary/serum aldosterone ratios are unchanged during the first, second and third trimesters of pregnancy, and so salivary aldosterone had potential as a non-invasive assessment of aldosterone status during gestation. 71 
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When sampled at frequent intervals, however, salivary aldosterone showed considerable fluctuations during the day, indicating the need for multiple samples to obtain reliable information. 72 At present there is no information on the diagnostic value of salivary aldosterone measurements for the investigation of suspected primary hyperaldosteronism.
Salivary dehydroepiandrosterone
Salivary DHEA concentrations show good correlation with serum, and decreasing values with increasing age in adults have been well-documented. 73, 74 Despite a large number of publications in the literature on salivary DHEA measurement in the areas of DHEA supplementation, 75 neuroendocrinology, 76 and sports medicine, 77 no routine diagnostic applications have been described. Salivary DHEA results in an individual show pulsatility, with large fluctuations during the day superimposed on a circadian rhythm similar to that for cortisol. Single saliva samples therefore have very little value, and repeated sampling is necessary to obtain consistent results.
Salivary oestradiol
Salivary E2 measurements have been used extensively in research studies on the menstrual cycle. 78 -80 Although they can be used to classify cycles, multiple samples are necessary to obtain reliable information. The main problem is that salivary E2 concentrations measured in individual women show a pulsatile pattern with cycles of 60-90 min; so sampling at multiple time points is necessary. 81 Tivis et al. 82 compared serum and salivary E2 values in 31 postmenopausal women on oral oestrogen therapy ('Premarin' tablets) with 12 patients who were not receiving oestrogen replacement. Their data showed that salivary E2 reflected serum E2 concentrations in women on oestrogen replacement (r ¼ 0.81), but was very poorly correlated with serum E2 for women not receiving oestrogens (r ¼ 0.32).
The need for multiple samples makes salivary E2 measurements impractical for routine assessment of oestrogen status.
Salivary unconjugated oestriol
Salivary E3 concentrations in the third trimester of pregnancy showed episodic fluctuations during the daytime, together with a circadian rhythm with concentrations increasing from 22:00 h, peaking at 04:00 h and returning to daytime concentrations at 06:00 -07:00 h. 83 Early publications demonstrated a correlation between salivary and serum unconjugated E3 concentrations, indicating their potential as an alternative to serum concentrations for the monitoring of feto-placental function. 78, 84, 85 More recent research studies have assessed salivary E3 as an indicator of premature labour. A surge in salivary E3 concentration occurs 2 -3 weeks before the onset of labour. Concentrations over 2.1 ng/mL (7.3 nmol/L) identified those pregnancies at risk of premature labour, while values less than this gave a confident prediction that delivery would not occur within 2 -3 weeks. 86, 87 In spite of these research findings, salivary E3 assays do not have a routine application in the diagnostic laboratory.
Salivary progesterone
Multiple sequential samples for salivary progesterone have been used in a wide variety of applications as a noninvasive alternative to serum measurements. 88, 89 They have been particularly useful in research studies on girls during and after menarche, where there are ethical objections to blood sampling. 90, 91 When used as an index of ovulation, considerable discrepancy has been observed in classification between follicular and luteal phases, 92 and relatively poor sensitivity (78%) and specificity (76.5%) for midluteal prediction of ovulation has been reported. 93 In spite of the large number of publications on sequential measurements in the study of the menstrual cycle, salivary progesterone assays have not been adopted by diagnostic laboratories to check for ovulation or to assess luteal function. The main problem is that salivary P results show much greater variation over a 24-h period than that shown by serum concentrations. In a detailed study, Delfs et al. 94 looked at 24-h salivary and serum P profiles and concluded that a single serum P correlated better with the 24-h mean serum P concentration than either a single saliva result or the mean of three saliva samples in the same individual.
One major manufacturer of salivary progesterone kits (IBL-Hamburg) comments in their literature on salivary P (and also on E2 and testosterone), that 'single samples in most cases will give arbitrary results which are difficult to interpret'. They recommend taking five samples over a period of 2 h, and then analysing a pool made from these five samples, thus saving analytical costs.
It can be appreciated therefore, why routine diagnostic laboratories continue to measure serum P when faced with this rather cumbersome strategy for salivary P collection methods.
A single salivary P estimation is not as informative as a single serum P measurement, and therefore salivary P fails to meet the criteria for a routine diagnostic test.
Salivary testosterone
Salivary testosterone measurements have been applied to the investigation of male hypogonadism and of hirsutism or premature ovarian failure in women.
Salivary T in individuals can show rapid fluctuation even though smooth graphs of the changes in male salivary testosterone with age and with diurnal variation can be constructed from grouped data. This limits the value of a single determination, and therefore multiple samples are needed to obtain useful data.
Morley et al. 95 established reference ranges for salivary testosterone in 127 men aged 20 -89 y, and showed a 47% reduction over this age span. When salivary testosterone was compared with serum total, 'bioavailable' or calculated free testosterone, strong correlations were found, and in addition, salivary testosterone correlated with the results of two questionnaires assessing hypogonadal symptoms. However, the authors concluded that 'salivary testosterone is not a better assay than other measures to diagnose hypogonadism'.
Although reasonable correlations between salivary and serum testosterone have been reported for combined data, when results for men and women are analysed separately, poorer correlations have been found, particularly for women. 10, 11 The use of salivary testosterone to assess hyperandrogenism in hirsute women is limited by a wide overlap between male and female reference ranges (Drs Teoh and Wallace, Glasgow Royal Infirmary, personal communication), and a single salivary testosterone result has been reported to give poorer discrimination than the conventional serum free androgen index. 96 Salivary testosterone measurements may have some useful applications however.
In women with premature ovarian failure, salivary testosterone concentrations have been found to be consistently low or undetectable, while the serum free androgen index was within the reference range because of a reduction in both testosterone and sex hormone-binding globulin (SHBG) concentrations. 97 A study of lumbar bone mass in healthy premenopausal women showed that high salivary testosterone concentrations were associated with higher lumbar bone mass, despite the fact that serum testosterone results were all normal. 98 At present, the use of salivary testosterone measurements in the routine diagnostic laboratory cannot be recommended.
Conclusions and recommendations
There is good evidence to support the introduction of salivary cortisol as a screening test for Cushing's syndrome. Evening samples, or samples taken after low-dose dexamethasone testing have a sensitivity and specificity, which is as good as or better than conventional testing of serum cortisol following low-dose dexamethasone suppression or 24-h urine cortisol measurement. Salivary cortisol sampling is the method of choice for long-term assessment of patients with suspected cyclical Cushing's syndrome, and has potential for the investigation of possible hypoadrenalism with the Synacthen test.
Laboratories should consider the introduction of salivary cortisol for the routine investigation of patients for Cushing's syndrome.
Salivary 17-OHP and AD results are of value for the assessment of control in patients treated with hydrocortisone for CAH due to 21-hydroxylase deficiency. These tests should be considered by specialized endocrine laboratories to provide a home-monitoring service.
Salivary assays for oestradiol, progesterone, testosterone, DHEA and aldosterone are compromised by rapid fluctuations in concentrations, making collection of multiple samples necessary. They do not meet the criteria for routine diagnostic tests and their introduction into the laboratory repertoire cannot be justified at present. ACKNOWLEDGEMENT I am grateful to Mike Wallace and Brian Keevil for helpful comments and information during the writing of this review.
